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Abstract 

The  objective  of  this  thesis  is  to  investigate  the 
mixing  process  as  characterized  by  velocity  and  turbulence 
data  and  to  experimentally  determine  the  effect  of  divider 
plate  trailing  edge  shape  upon  the  mixing  of  parallel,  co¬ 
flowing  air  streams.  An  apparatus  was  built  which  provided 
uniform,  two-dimensional  velocity  profiles  which,  at  the 
divider  plate  trailing  edge,  are  similar  in  appearance  to 
fully  developed  turbulent  velocity  profiles.  Testing  was 
accomplished  at  stream  velocity  ratios  of  nominally  1.0, 

0.6  and  0.3  with  the  high  speed  flow  velocity  being  300  ft/ 
sec.  A  two  element  hot  film  probe  was  used  to  determine 
flow  velocities  and  turbulence  intensity  at  various  points 
in  the  flow  streams.  The  primary  indicator  of  mixing  was 
found  to  be  the  wake  growth  rate.  Wake  width,  used  in  deter 
mination  of  wake  growth  rate,  was  determined  from  two  flow 
parameters;  first,  the  mean  velocity  profiles  and  secondly, 
the  turbulence  profiles.  The  following  trailing  edge  con¬ 
figurations  were  considered:  a  flat  plate  with  a  square 
trailing  edge,  a  flat  plate  with  slots  in  the  trailing  edge, 
a  flat  plate  with  a  tapered  trailing  edge,  a  plate  with  top 
and  bottom  of  the  trailing  edge  alternately  rounded  at  0.2 
in  increments,  and  a  trailing  edge  consisting  of  tabs  al¬ 
ternately  bent  upward  and  downward. 


The  tab  plate  was  found  to  be  the  best  mixer  based  upon 
wake  growth  rate.  Wake  growth  increased  progressively  with 
decreasing  velocity  ratio;  and  maximum  turbulence  level  in 
the  wake  was  found  not  to  be  a  reliable  indicator  of  mixing. 


I.  Introduction 

This  research  involves  the  experimental  determination 
of  the  effects  of  divider  plate  trailing  edge  shape  upon 
the  mixing  of  parallel  flows  in  a  constant  area  duct.  Also 
various  parameters  are  evaluated  for  their  suitability  as 
indicators  of  mixing. 

Wake  width,  wake  growth  rate,  and  magnitude  of  the 
turbulence  were  selected  as  potential  indicators  of  the 
degree  of  mixing.  Rajagopalon  and  Antonio  (Ref  8:  1052- 
1058)  state  that  the  growth  rate  of  a  wake  may  depend  upon 
the  flow  field  outside  the  shear  layer,  the  freestream 
turbulence,  and/or  tripping  of  the  flow  at  the  trailing 
edge.  Also,  El-Assar  and  Page  (Ref  6:  1389)  state  that  the 
velocity  profile  of  the  boundary  layer  and  the  turbulence 
intensity  distribution  in  the  transitional  region  play  an 
important  role  in  development  of  the  wake. 

Knowledge  in  this  area  is  of  significance  when  mixing 
in  a  short  distance  is  desired.  The  mixing  could  involve 
flows  of  different  density,  temperature  and/or  velocity. 
Examples  include  the  effect  of  compressor  rotor  blade  wakes 
upon  the  flow  through  the  stator.  Rotor-stator  spacing  is 
generally  less  than  one  chord  length,  however,  as  stated  by 
Kerrebrock  (Ref  10:  551)  "I  would  just  point  out  that  the 
rotor-stator  spacing  in  the  big  new  fan  engines  is  many 


chords.  Those  fans  are  pushing  an  awful  lot  of  us  across 
the  country  and  1%  on  fan  efficiency  is  1%  on  fuel  consump¬ 
tion  and  there  are  thousands  of  dollars  lost  because  of  the 
inefficiency  in  the  fan".  Therefore,  a  reduction  of  the 
wake  effects  as  a  result  of  improved  mixing  will  reduce  the 
distortion  in  the  flow  to  the  stator  and  result  in  increased 
efficiency.  Another  example  is  the  mixing  of  high  tempera¬ 
ture  core  flow  with  the  relatively  low  temperature  by-pass 
flow  of  a  turbofan  engine,  thus  reducing  the  detectability 
of  the  exhaust  plume. 

This  research  involves  testing  of  modifications  to  the 
trailing  edge  of  a  flat  plate  and  their  effects  on  the  mixing 
of  two  turbulent  air  streams.  Kline  (Ref  10:  543)  states 
that  more  complex  geometries  than  airfoils  —  like  shapes 
that  strain  the  flow  field  differently  and  alter  the  tur¬ 
bulence  production  and/or  decay  —  should  be  tested.  The 
flat  plate  was  chosen  as  an  appropriate  first  step  in  the 
evaluation  of  such  shapes.  Various  velocity  ratios  were 
evaluated  to  simulate  the  differing  velocities  on  the  pres¬ 
sure  and  suction  sides  of  a  compressor  blade  or  between  the 
core  and  by-pass  flows. 


Purpose  and  Scope 


The  purpose  of  this  work  is  to  investigate  the  mixing 


process  as  characterized  by  velocity  and  turbulence  data. 
In  addition,  the  effects  of  modifications  to  the  trailing 


edge  of  a  dividing  plate  on  the  mixing  process  are  evaluated. 
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<p 


The  desired  result  is  to  determine  a  configuration  which 
will  shorten  the  distance  required  for  mixing  of  the  two 
co-flowing  air  streams. 

The  research  involves  turbulent  flow  with  velocities 
less  than  300  ft/sec  which  allows  use  of  incompressible  flow 
relationships.  Testing  was  accomplished  at  velocity  ratios 
of  1.0,  0.6  and  0.3.  The  flow  is  assumed  to  be  two-dimen¬ 
sional  which,  based  upon  research  by  de  Brederode  (Ref  5: 

95)  ,  is  valid  for  6/h  <_  1/4  where  6  is  the  boundary  layer 
thickness  on  one  side  of  the  plate,  and  h  is  the  width  of 
the  duct  along  the  plate  trailing  edge. 

Five  divider  plate  trailing  edge  modifications  are 
examined.  Four  of  the  modifications  were  selected  with  the 
restriction  that  the  modification  be  confined  within  the 
thickness  of  the  plate.  The  fifth  plate  was  not  so  restrict¬ 
ed. 
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II.  Divider  Plate  Design 


As  discussed  by  El-Assar  and  Page  (Ref  6:  1388),  the 
wake  which  forms  behind  a  body  in  a  flow  field  is  generally 
discussed  and  analyzed  in  two  parts.  First,  the  region 
directly  behind  the  body,  which  is  referred  to  as  the  near 
wake  region  or  transition  region,  where  development  of  the 
wake  is  influenced  by  the  boundary  layer  velocity  profile 
and  the  turbulence  intensity  distribution.  This  research 
will  exploit  these  characteristics  of  the  near  wake  by  intro¬ 
ducing  trailing  edge  configurations  to  alter  the  velocity 
profile  and  turbulence  distribution.  The  second  part  of  the 
wake,  the  similarity  region,  occurs  downstream  of  the  transi¬ 
tion  region.  Initial  disturbances  decay  in  the  transition 
region  and  plots  of  the  non-dimensional  velocity  at  various 
locations  in  the  similarity  region  will  collapse  to  a  single 
universal  curve  as  discussed  by  Abramovich  (Ref  1:  8-10) . 

Five  divider  plate  trailing  edge  configurations  were 
tested.  Figure  1  in  Appendix  A  shows  the  divider  plates, 
their  dimensions,  and  the  symbol  used  for  each  in  the  plotted 
data.  The  square  plate  was  selected  as  a  typical  trailing 
edge  configuration  which  will  generate  turbulence  as  a  result 
of  a  small  recirculation  region  immediately  behind  the 
trailing  edge  followed  by  the  shear  interaction  of  the  two 


flow  streams. 


The  knife-edge  plate  was  selected  as  a  configuration 
which  would  provide  a  small  influence  due  to  the  trailing 
edge  and  the  resulting  wake  would  be  due  to  the  plate 
boundary  layers  and  shear  between  the  parallel  flows. 

The  remaining  plate  configurations  involve  modifications 
for  which  the  shape  of  the  trailing  edge  is  different  at 
different  locations  along  the  edge.  Each  of  these  is  expected 
to  increase  the  mixing  by  the  introduction  of  vertical  veloc¬ 
ity  components  which  produce  vorticity  as  a  result  of  shear. 
Throughout  this  paper,  the  positive  x-direction  is  defined 
to  be  the  direction  of  flow  and  the  positive  y-direction  is 
upward . 

The  slotted  plate  allows  the  flow  in  the  slot  to  accel¬ 
erate  while  the  flow  on  the  tab  is  being  restrained  by  shear 
forces  in  the  boundary  layer.  This  results  in  a  gradient  in 
x-velocity  between  the  tab  and  slot  flows  which  produces  a 
vertical  shear  layer  and  its  associated  turbulence. 

The  Coanda  plate  exploits  the  Coanda  effect  which  is 
the  tendency  of  a  fluid  to  remain  attached  to  a  surface  along 
which  it  is  flowing  as  the  surface  curves  away  from  the  fluid. 
The  curved  surfaces  were  placed  alternately  along  the  trail¬ 
ing  edge  to  provide  positive  and  negative  y-velocity  compo¬ 
nents  in  the  near  wake  region  and  to  increase  the  mixing  by 
producing  shear  which  should  result  in  the  formation  of  a 
vortex  behind  each  pair  of  curved  edges. 

The  final  configuration  consists  of  tabs  on  the  trailing 
edge  which  are  alternately  bent  up  and  down.  This  plate  will 


introduce  large  y-velocity  components  by  deflecting  the  flow. 
This  trailing  edge  modification  is  unique  among  the  five 
tested  because  its  modification  extends  beyond  the  original 
plate  thickness.  Higher  levels  of  vorticity  and  improved 
mixing  are  therefore  expected. 

Each  of  these  plates  was  evaluated  to  determine  its 
performance  in  promoting  mixing  and  the  best  mixer  determined. 


III.  Apparatus  and  Procedures 


This  chapter  provides  a  description  of  the  apparatus 
and  test  equipment  and  the  procedures  for  their  use.  In 
addition,  the  data  which  was  taken  and  the  data  reduction 
methods  are  described. 

Apparatus  Design 

The  test  apparatus  was  designed  to  provide  two  parallel 
streams  of  air  each  of  which  exhibit  low  turbulence  intensity 
and  a  uniform  velocity  profile  similar  in  appearance  to  a 
fully  developed  turbulent  velocity  profile.  It  was  also 
designed  with  the  capability  to  limit  flow  through  one  of 
the  two  streams  so  that  various  velocity  ratios  could  be 
tested. 

The  apparatus  is  shown  in  Figure  2.  The  assembly  is 
divided  into  an  upper  and  lower  flow  path  by  a  divider  plate. 
The  butterfly  valve  in  the  upper  path  of  the  manifold  was 
used  to  control  the  flow  in  the  upper  stream,  allowing  re¬ 
peatable  velocity  ratio  selection.  The  diffuser  reduces 
the  flow  velocity  prior  to  entry  into  the  stilling  chambers 
which  are  identical  except  for  support  columns  in  the  upper 
chamber.  The  columns  were  required  to  prevent  bending  of  the 
divider  plate  caused  by  the  pressure  differential  during  low 
velocity  ratio  testing.  Temperature  and  pressure  taps  were 
installed  in  the  side  wall  of  each  chamber  to  aid  in  estab- 
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lishing  and  monitoring  the  flow  conditions.  From  continuity 
and  assuming  a  velocity  of  300  ft/sec  in  the  test  section, 
the  maximum  velocity  in  the  stilling  chamber  was  19  ft/sec, 
thus  the  pressure  and  temperature  measured  were  total  values. 
To  enhance  the  calming  capability  of  the  chambers,  two  open¬ 
cell  foam  baffles  supported  by  screens  were  installed  in  each 
chamber.  The  baffles  were  very  effective  in  eliminating  the 
wakes  produced  by  the  support  columns. 

The  convergent  nozzle  accelerates  the  flow  to  the  de¬ 
sired  test  section  velocity.  The  nozzle  is  of  square  cross 
section,  has  elliptical  walls,  and  is  divided  into  two  chan¬ 
nels  by  the  central  dividing  plate.  Its  dimensions  are 
based  upon  the  ASME  Standard  long  radius  nozzle.  This  design 
was  selected  to  provide  smooth  transition  of  the  flow  from 
the  4  by  8  in  chambers  into  the  1  by  2  in  ducts.  Note  that 
an  asymmetry  is  introduced  at  the  divider  plate  since  the 
flow  in  each  stream  is  accelerated  on  only  three  sides.  To 
ensure  transition  to  turbulent  flow  and  to  attenuate  the 
asymmetry  in  the  velocity  profiles,  two  screens  in  a  cross- 
hatch  arrangement  were  placed  at  the  exit  of  the  nozzle  and 
a  duct  was  included  upstream  of  the  test  section.  The  length 
of  the  duct  was  determined  experimentally  to  provide  uniform 
velocity  profiles  and  to  minimize  boundary  layer  thickness 
on  the  duct  walls  and  test  plate.  Figure  3  shows  typical 
velocity  profiles  which  were  provided  by  the  apparatus. 

The  test  section  incorporates  optical  glass  side  walls 
which  allowed  positioning  of  the  anemometer  probe.  The  test 


plates  were  installed  in  grooves  in  the  duct  side  walls  and 
sealed  to  the  divider  plate  to  prevent  leakage.  The  test 
plate  was  retained  by  the  duct  flange  to  which  the  test 
section  was  attached.  The  trailing  edge  of  the  test  plate 
protruded  one  inch  into  the  test  section. 

A  traverse  mechanism  and  probe  support  were  attached  to 
the  test  section  to  allow  three-dimensional,  repeatable  po¬ 
sitioning  of  the  anemometer  probe. 


Data  Acquisition 

A  two  channel  TSI  Inc.  Model  1050  constant  temperature 
anemometer  with  a  two  element  hot  film  sensor  Model  1241-20 
was  the  primary  instrumentation.  A  Digitec  Model  268  digital 
DC  millivoltmeter  and  a  Hewlett  Packard  HP  3400A  True  RMS 
voltmeter  permitted  accurate  determination  of  the  sensor 
voltages.  The  RMS  voltmeter  was  calibrated  prior  to  the 
test  effort  and  the  DC  millivoltmeter  was  calibrated  before 
each  days  testing  by  use  of  its  built-it  calibration  capa¬ 
bility. 

A  constant-temperature  anemometer  is  a  device  which 
regulates  the  current  passing  through  a  very  small  diameter 
sensor,  either  wire  or  film,  to  keep  the  sensor  at  a  constant 
temperature.  This  research  used  film  sensors  which  are 
quartz  substrates  0.002  in  in  diameter  coated  with  a  thin 
layer  of  gold.  As  the  film  is  cooled  by  the  moving  air  its 
resistance  drops,  the  anemometer  senses  this  drop  in  resist¬ 
ance  and  increases  the  current  flow.  The  voltage  drop 


across  the  sensor  is  then  proportional  to  the  flow  velocity 
by  a  fourth  order  relation  as  discussed  in  the  TSI  Operators 
Manual  (Ref  7:  4-3) .  To  use  the  anemometer  for  flow  velocity 
determination,  a  calibration  curve  was  generated  for  each 
sensor  and  equations  of  the  curves  determined  by  use  of  a 
fourth  order  Least  Squares  curve  fit  computer  program. 
Appendix  B  provides  a  discussion  of  the  calibration  pro¬ 
cedure.  The  resulting  equations  provided  velocities  within 
0.5  percent  at  each  point  of  the  calibration  data.  Two 
probes  were  used  during  the  testing.  The  first,  K705,  was 
calibrated  three  times  and  the  second,  K691,  was  calibrated 
twice.  Calibration  curves  for  each  channel  are  shown  in 
Figure  4  and  will  be  discussed  in  the  Results  section. 

The  procedure  for  testing  was  as  follows: 

1.  The  instrumentation  was  turned  on  and  allowed  to 
warm  up  for  at  least  one  hour  prior  to  testing. 

2.  Ambient  pressure  and  temperature  were  recorded  and 
the  butterfly  valve  set  to  the  desired  velocity 
ratio  setting. 

3.  The  air  flow  was  turned  on  and  adjusted  to  provide 
approximately  300  ft/sec  in  the  lower  stream  of  the 
test  section.  The  chamber  pressure  was  recorded 
and  monitored  during  the  test  to  insure  stable  flow 
conditions  throughout  each  test.  Fluctuations  of 
+0.5  in  of  1^0  were  accepted. 

4.  Upper  and  lower  chamber  temperatures  were  recorded 
before  and  checked  after  each  test.  Variation  of 
these  temperatures  was  generally  less  than  3C  which 
according  to  Bradshaw  (Ref  4:  171)  should  not  ad¬ 
versely  affect  the  data. 

5.  With  the  anemometers  in  STANDBY,  the  probe  was  in¬ 
serted  into  the  probe  holder  and  aligned  so  that 
the  sensors  were  positioned  in  a  plane  perpendicular 
to  the  trailing  edge  as  discussed  in  Appendix  C. 


This  orientation  allows  determination  of  the  x- 
and  y-velocity  components. 

6.  Both  channels  of  the  anemometer  were  then  switched 
to  RUN  and  the  probe  positioned  in  the  flow  by  use 
of  the  traverse.  DC  and  RMS  voltage  readings  were 
then  recorded  for  each  channel  of  the  anemometer 
at  traverse  increments  of  0.1  in.  When  fluctuating 
voltage  readings  were  encountered,  as  in  the  wake 
region  near  the  plate  trailing  edge,  as  estimated 
average  was  recorded. 

Initial  tests  were  conducted  to  check  out  the  test 
equipment  and  to  determine  the  flow  quality  of  the  apparatus 
at  several  locations  downstream  of  the  divider  plate  trailing 
edge.  Each  test  plate  configuration  was  then  tested. 

Three  traverse  locations  were  used  during  the  testing. 
Location  A  was  0.15  in  downstream  of  the  test  plate  trailing 
edge.  Location  B  was  3.25  in  downstream  of  A  and  location  C 
was  6.5  in  downstream  of  A.  With  a  plate  thickness  t  of 
0.062  in,  the  locations  are  downstream  from  the  trailing 
edge  by  a  distance  ^  of  2.4,  54.8,  and  107.3  respectively. 

Testing  was  done  at  velocity  ratios  Ur  of  nominally 
1.0,  0.6,  and  0.3  where  the  velocity  ratio  is  defined  as 
the  ratio  of  the  low  speed  flow  to  the  high  speed  flow  at 
location  A.  The  valve  settings  to  provide  these  ratios 
were  established  by  experimentation  and  marked  on  the  valve 
body  for  repeatability. 

Data  Reduction 

The  calibration  curve  equations  and  their  first  deri¬ 
vatives  were  used  in  a  computer  program  to  determine  the 
desired  parameters  from  the  DC  and  RMS  voltage  data.  The 


parameters  which  were  calculated  and  are  presented  in  gra¬ 
phical  form  are  the  local  mean  velocity  U,  which,  except  in 
the  near  wake  region  is  approximately  equal  to  the  x- 
component  of  the  mean  velocity,  the  y-component  V  of  the 
mean  velocity  and  the  turbulence  parameters  TUx  and  TU^,. 

Appendix  C  gives  a  brief  discussion  of  the  derivation 
of  the  equations  used  to  compute  the  velocity  components 
from  x-probe  data.  The  resulting  equations  are  presented 
here  for  convenience. 

u  =  0.707  (u^  +  u2) 
v  =  0 .707  (u^  -  u2) 

U  =  <u2  +  v2)1/2 

where  u  and  v  are  the  x-  and  y-velocity  components  and  u^ 
and  u2  are  the  velocity  components  which  are  perpendicular 
to  sensors  1  and  2.  These  equations  assume  the  sensors  are 
perpendicular  to  each  other  and  at  45  degrees  to  the  x- 
direction.  The  velocity  data  were  non-dimensionalized  by 
dividing  by  the  maximum  mean  velocity  at  the  location  A 
centerline  traverse.  These  data  were  then  used  in  deter¬ 


mination  of  wake  edge  location. 

The  turbulence  parameters  were  also  selected  as  an  aid 
in  locating  the  edge  of  the  wake  and  are  defined  by  the 
following  equations: 
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where  u'  is  the  x-component  and  v'  is  the  y-component  of  the 
fluctuating  velocity,  and  are  determined  from  the  DC  and  RMS 
voltage  data  as  follows: 


uC 

=  m. 

(V 

)  „ 

1 

1 

rms  i 

u " 

=  m- 

(V 

)  . 

2 

2 

rms  z 

u  " 

=  0. 

707 

(u'  + 

U2> 

V' 

=  0. 

707 

<ui  - 

U2> 

where  m  is  the  slope  of  the  calibration  curve  for  each  sensor 

evaluated  at  the  test  point  and  V  is  the  RMS  voltage  across 

rms 

the  sensor.  This  method  assumes  a  linear  calibration  curve 
over  the  range  of  the  fluctuation  and  is  valid  for  turbulence 
levels  less  than  5  percent.  Freestream  turbulence  was  less 
than  2  percent  so  the  turbulence  parameter  is  acceptable  for 
use  in  locating  the  wake  edge.  Within  the  wake,  the  turbulence 
parameter  was  used  as  an  indicator  of  relative  turbulence 
generated  by  the  various  trailing  edge  configurations  and 
is  later  evaluated  as  an  indicator  of  the  mixing  generated  by 
the  test  plates. 

All  data  is  presented  in  non-dimensionalized  form  to 
reduce  the  effects  of  temperature  and  humidity  changes  which 
occurred  during  the  research  effort.  Bradshaw  (Ref  3:  117) 
states  that  errors  of  2  percent  can  result  from  a  temperature 
change  of  one  degree  Celcius.  The  temperature  range  for  this 
test  effort  was  23  to  31  C  and  all  tests  were  accomplished 
within  4  C  of  the  applicable  calibration  temperature. 


Results  and  Discussion 


This  section  presents  a  discussion  of  the  data  from 
each  test  configuration.  Wake  width  and  wake  growth  rate 
as  determined  from  the  velocity  and  turbulence  data  for  each 
configuration  as  well  as  maximum  turbulence  levels  are 
evaluated  as  indicators  of  mixing.  The  effectiveness  of 
the  modifications  is  also  discussed. 


Apparatus  Flow  Quality 

Initial  testing  was  conducted  with  the  square  test 
plate  to  determine  boundary  layer  thickness  on  the  plate 
and  the  test  section  walls.  The  upper  and  lower  wall  bound¬ 
ary  layers  were  found  to  merge  with  the  wake  at  a  distance 
7.88  in  downstream  from  the  plate  trailing  edge.  The  C 
traverse  location  was  therefore  located  a  distance  of  6.5 
in  downstream  of  the  trailing  edge  so  that  a  wake  edge 
would  be  clearly  discernable.  The  traverse  locations  are 
shown  in  Figure  5.  As  will  be  discussed  later,  the  wake 
edge  location  is  not  obvious  at  the  low  velocity  ratio, 

Ur  =  0.3.  This  trend  is  consistent  throughout  the  data  in 
that  there  is  a  high  degree  of  variation  among  the  test 
plates  for  0.3  velocity  ratio  data  at  the  C  traverse  loca¬ 
tion. 


Figure  3  shows  the  velocity  profiles  of  the  lateral 


and  vertical  traverses  for  the  upper  and  lower  streams.  The 
boundary  layers  on  the  plate  and  upper  and  lower  walls  are 
approximately  0.25  in  thick  which  correlates  with  the  theo¬ 
retical  turbulent  boundary  layer  thickness  of  0.20  in  from 
Schlichting  (Ref  9:  638). 

6  =  0.37xRe"1/5 


The  Reynolds  number  of  the  flow  was  calculated  based  upon 
the  distance  x  from  the  screens  at  the  convergent  nozzle 
exit.  A  value  of  14.5  x  105  was  determined  for  the  high 
speed  flow  and  4.5  x  105  for  the  low  speed  flow  (Ur  =  0.3). 
The  low  speed  flow  Reynolds  number  is  in  the  transition 
region  and  its  plate  boundary  layer  is  shown  to  be  approxi¬ 
mately  0.1  in  thick  as  compared  to  a  calculated  turbulent 
thickness  of  0.24.  Using  the  laminar  boundary  layer  equation 
from  Schlichting  (Ref  9:  140) 


6  =  5xRe 


-1/2 


the  theoretical  boundary  layer  thickness  is  0.065  in  which 
indicates  the  boundary  layer  of  the  low  speed  flow  may  be 
laminar  or  in  transition.  The  velocity  profiles  and  lateral 
traverses  show  uniform  profiles  similar  in  appearance  to 
fully  developed  turbulent  flow  with  no  discontinuities  in 
the  profile. 

With  the  apparatus  in  a  configuration  capable  of  pro¬ 
viding  the  desired  velocity  profiles,  no  further  changes  to 
the  apparatus  were  made  and  detailed  testing  was  accomplished 
for  each  trailing  elge  configuration. 
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Detailed  Testing 

Several  traverses  were  made  and  data  taken  at  each  loca¬ 
tion  at  increments  of  0.1  in.  The  traverses  are  shown  in 
Figure  5  for  each  of  locations  A,  B,  and  C  and  will  be  re¬ 
ferred  to  as  centerline,  slot,  and  lateral  traverses.  The 
"slot"  traverse  as  used  in  this  research  is  defined  as  a 
vertical  traverse  which  is  located  0.2  in  from  the  channel 
centerline  and  does  not  imply  the  existence  of  a  slot  in  the 
test  plate  trailing  edge.  For  example,  slot  traverses  were 
accomplished  for  the  square  plate  to  verify  their  similarity 
to  the  square  plate  centerline  traverses.  These  data  are 
plotted  on  the  slot  traverse  profiles  for  comparison  with 
data  from  the  other  configurations.  Slot  traverse  data  for 
the  knife-edge  plate  was  not  taken  due  to  this  similarity 
but  were  taken  for  the  other  configurations  since  each  ex¬ 
hibits  a  unique  shape  at  the  slot  location  which  is  different 
than  the  shape  at  its  centerline  location.  Data  at  location 
B  typically  indicates  that  the  flow  is  approaching  uniformity 
in  the  lateral  direction,  i.e.  disturbances  have  dissipated, 
so  that  only  the  centerline  traverse  was  tested  at  location 
C.  Figures  6-8  show  that  the  flow  is  approaching  similarity 
for  each  plate  since  the  non-dimensional  data  collapse  onto 
a  single  curve.  This  characteristic  shows  that  the  results 
are  not  dependent  upon  the  test  apparatus  and  verifies  suit¬ 


ability  of  the  apparatus  for  flow  testing.  Table  I  summa¬ 
rizes  the  wake  width,  wake  growth  rate  dy/dx,  and  the  maximum 
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turbulence  parameter  data  which  were  obtained  from  the 
plotted  parameters.  The  wake  growth  rate  is  defined  to  be 
the  wake  width  at  location  C  minus  the  wake  width  at  location 
A  divided  by  the  distance  between  A  and  C. 

Mean  Velocity;  The  mean  velocity  profiles  for  the 
centerline  traverses.  Figures  9-11,  and  the  slot  traverses. 
Figures  12-14,  show  an  increase  in  wake  width  and  in  wake 
velocity,  and  a  slight  decrease  in  the  high  speed  maximum 
velocity  from  location  A  to  C.  The  edge  of  the  wake  was 
defined  to  be  the  point  in  the  flow  at  which  the  wake  veloc¬ 
ity  was  equal  to  90  percent  of  the  freestream  velocity  on 
the  corresponding  side  of  the  wake.  As  can  be  seen  in 
Table  I,  the  wake  width  of  the  four  plates  whose  modifica¬ 
tions  were  restricted  to  the  plate  thickness  are  nearly 
identical  for  a  velocity  ratio  of  1.0.  Consequently  their 
wake  growth  rates  are  nearly  identical.  The  tab  plate, 
however,  has  a  wake  at  location  A  which  is  22  percent  wider 
than  the  other  plates  due  to  its  bent  tabs  protruding  into 
the  boundary  layer.  At  location  C,  the  tab  plate  wake  is 
41  percent  wider  than  the  wakes  of  the  other  plates  which 
indicates  the  tab  plate  is  a  better  mixer  at  a  velocity  of 
1.0.  This  is  also  indicated  by  the  tab  plate  wake  growth 
rate  which  is  more  than  twice  that  of  the  square,  slotted 
and  Coanda  plates  and  four  times  that  of  the  knife-edge 
plate.  The  relative  results  for  the  0.6  velocity  ratio  are 
the  same  with  the  exception  that  the  Coanda  plate  and  tab 


plate  have  nearly  equal  wake  growth  rates  which  are  70  per¬ 
cent  greater  than  the  other  plates.  Note  that  the  wake  growth 
rate  for  all  plates  is  larger  at  the  0.6  velocity  ratio  than 
at  the  1.0  ratio.  The  wake  width  at  location  A  remained 
essentially  constant  for  all  plates  except  the  tab  when  com¬ 
pared  to  the  Ur  =  1.0  data.  The  tab  plate  wake  widths  at 
each  location  were  less  for  the  Ur  =  0.6  data. 

The  Ur  =  0.3  data  show  a  further  decrease  in  wake  width 
at  location  A  and  a  notable  increase  in  wake  growth  rate  for 
all  plates.  This  increase  is  in  agreement  with  experiments 
by  Yakovlevskiy  and  Zhestkov  as  cited  by  Abramovich  (Ref  1: 
153)  which  show  that  the  angle  of  thickening  of  the  mixing 
zone  ceases  to  depend  on  the  velocity  ratio  for  ratios 
greater  than  0.4.  The  Coanda  and  tab  plates  exhibit  wake 
growth  rates  greater  than  the  other  plates  with  the  tab  plate 
wake  growth  rate  being  slightly  greater  than  that  of  the 
Coanda.  Note  in  Figure  11c  that  the  wake  and  wall  boundary 
layer  have  nearly  merged  which  makes  wake  edge  identifica¬ 
tion  difficult. 

In  summary,  the  mean  velocity  data  shows  no  difference 
between  the  square,  slotted,  and  knife-edge  plates  ability 
to  mix  parallel  flows  at  the  three  velocity  ratios  tested. 

An  exception  to  this  is  the  smaller  wake  growth  rate  for  the 
knife-edge  plate  at  Ur  =  1.0.  The  tab  plate  is  the  best 
mixer  of  the  configurations  tested  for  Ur  =  1.0  and  0.3  based 
upon  the  mean  velocity  data.  The  Coanda  is  a  slightly  better 
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mixer  at  the  0.6  velocity  ratio. 

These  results  show  that  the  Coanda  and  tab  plates  are 
introducing  disturbances  into  the  flow,  as  discussed  in 
section  II,  which  result  in  improved  mixing  of  the  parallel 
flows. 

The  plots  of  the  y-component  of  the  mean  velocity. 

Figures  15-20,  were  not  useful  in  determining  wake  width  but 
do  show  the  negative  and  positive  y-velocity  components 
which,  according  to  Prandtl  as  cited  by  Abramovich  (Ref  1: 

11) ,  control  the  growth  rate  of  a  jet.  As  discussed  by 
Abramovich  (Ref  1:  173),  the  mixing  at  the  edge  of  the  wake 
results  in  a  pressure  gradient  but,  since  the  pressure  must 
be  constant  across  the  flow,  the  streamlines  are  bent  re¬ 
sulting  in  the  y-velocity  components.  Note  that  the  tab 
plate  introduces  significantly  larger  y-velocity  components 
than  the  other  test  plate  configurations.  This  was  expected 
due  to  the  tabs  protruding  into  the  boundary  layer,  deflecting 
the  flow.  Figure  15a  shows  that  a  positive  component  in  the 
wake  equal  to  15  percent  of  the  freestream  velocity  is  intro¬ 
duced  by  the  upward  bent  tab  and  Figure  18a  shows  a  negative 
component  of  15  percent  of  freestream  is  introduced  by  the 
downward  bent  tab.  These  traverses  are  separated  by  a  dis¬ 
tance  of  0.2  in  so  a  gradient  in  the  lateral  direction  exists 
in  the  y-velocity  which  is  equivalent  to  30  percent  of  the 
freestream  velocity.  This  gradient,  which  exists  between 
each  pair  of  tabs,  introduces  rotation  in  the  flow  downstream 


of  each  pair  of  tabs.  This  rotation  results  in  increased 
mixing  in  the  near  wake  region  and  is  evident  in  the  lateral 
traverses  which  are  discussed  later.  The  location  B  traverses 
show  that  the  effects  of  the  tab  plate  are  visible  downstream 
as  compared  to  those  of  the  other  configurations  which  are 
not.  Velocity  disturbances  in  the  y-direction  are  negligible 
at  location  C  for  all  configurations  tested.  Note  at  the  A 
location,  the  square  plate  results  in  larger  y-components 
than  those  of  the  Coanda  plate.  This  result  was  not  expected 
but  may  be  due  to  the  recirculation  region  created  by  the 
sudden  disappearance  of  the  square  plate  which  could  be  dis¬ 
rupted  somewhat  by  the  Coanda  flow  for  that  plate.  This  is 
reinforced  by  the  knife-edge  data  which  exhibits  the  smallest 
y-velocity  component  and  would,  if  one  exists,  have  a  very 
small  recirculation  region.  Note  that  the  y-components  are 
typically  less  than  5  percent  which  is  in  agreement  with 
Bradshaw  (Ref  4:  57). 

Data  for  the  0.3  velocity  ratio  exhibits  irregularities 
on  the  low  speed  side  which  are  unexplained.  During  the  test 
effort  a  shift  in  the  y-velocity  "zero"  was  experienced.  In 
reduction  of  the  data,  the  y-velocity  data  was  adjusted  to 
zero  by  subtracting  or  adding  a  constant.  This  constant  was 
determined  by  knowing  that  the  y-component  near  the  test 
section  wall  and  at  location  C  should  be  nearly  zero.  This 
is  verified  by  the  adjusted  y-velocity  profile  at  location  C, 
Figure  15c,  which  shows  a  uniform  profile  of  zero  velocity. 


Some  of  the  irregularities  in  the  Ur  =  0.3  y-velocity  data 
may  be  due  to  inadequacies  in  this  correction.  Possible 
causes  of  the  zero  shift  are  discussed  later. 

Turbulence  Parameter:  The  turbulence  data  shown  in  Fig¬ 
ures  21-32  were  also  used  to  identify  the  edge  of  the  wake. 

The  wake  edge  was  defined  to  be  the  location  in  the  wake 
where  the  magnitude  of  the  turbulence  is  3  percent  or  where 
it  is  1  percent  greater  than  the  freestream  turbulence.  The 
wake  width  at  location  C  for  Ur  =  0.3  was  not  determined  due 
to  the  high  degree  of  variation  in  the  profiles  on  the  low 
speed  side  of  the  flow  as  shown  in  Figure  23c.  These  varia¬ 
tions  are  thought  to  be  due  to  interaction  of  the  wake  with 
the  upper  wall  boundary  layer.  Wake  growth  in  Table  I  is 
based  upon  locations  A  and  B  for  Ur  =  0.3. 

Table  I  summarizes  the  wake  width  and  wake  growth  rate 
data  for  the  x-  and  y-direction  turbulence.  In  general,  based 
upon  y-turbulence  data,  the  wake  width  for  Ur  =  1.0  and  0.6 
nearly  corresponds  with  that  from  the  mean  velocity  data 
while  the  x-turbulence  data  consistently  yields  larger  wake 
widths.  Both  x-  and  y-turbulence  data  show  that  as  the 
velocity  ratio  decreases,  the  wake  width  at  location  A  de¬ 
creases  but  the  wake  growth  rate  increases.  The  wake  growth 
rates  based  upon  y-turbulence  data  are  lower  than  those  from 
x-turbulence  data.  The  tab  plate  turbulence  data  shows  higher 
wake  growth  rates  than  the  other  plates  at  all  velocity  ratios 
except  for  TUx  at  Ur  =  0.3. 


Based  upon  the  x-turbulence  data,  the  square  and  slotted 
plates  exhibit  wake  growth  rates  at  all  velocity  ratios  which 
are  greater  than  those  of  the  knife-edge  and  Coanda  plates. 
The  wake  growth  rates  determined  from  the  y-turbulence  data 
do  not  indicate  that  one  of  the  square,  slotted,  knife-edge 
or  Coanda  plates  is  a  better  mixer  than  the  other  three. 

The  turbulence  data  for  Ur  =  0.3  show  wake  growth  rates 
at  the  B  location  which  are  larger  than  those  from  the  veloc¬ 
ity  data  at  the  C  location.  This  supports  the  opinion  that 
the  wake  and  wall  boundary  layers  for  low  velocity  ratios 
are  merging  prior  to  location  C  and  resulting  in  the  profile 
variations  at  that  location. 

In  summary,  the  tab  plate  provides  the  best  mixing  based 
upon  its  larger  wake  growth  rate  determined  from  the  turbu¬ 
lence  data.  Also,  the  square  plate  provides  slightly  larger 
wake  growth  rates  than  the  slotted,  knife-edge,  and  Coanda 
plates.  This  is  possibly  due  to  a  more  organized  recircula¬ 
tion  region  at  the  trailing  edge  which  is  disrupted  by  the 
flow  patterns  of  the  other  configurations. 

Relative  magnitude  of  the  turbulence  data  was  also  com¬ 
pared  in  the  wake  region.  The  turbulence  values  given  in 
Table  I  are  the  values  of  maximum  turbulence  in  the  wake  re¬ 
gion.  A  surprising  result  is  that  no  correlation  between  the 
maximum  turbulence  and  the  mixing  ability  of  the  plate  is 
evident.  Turbulence  levels  generated  by  the  tab  plate,  which 
has  been  identified  as  the  best  mixer,  are  equal  to  or  lower 
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than  those  of  the  other  plates.  The  slotted  plate  generally 
had  the  highest  turbulence  levels  at  location  A  and  yet  was 
not  identified  by  the  other  factors  as  a  good  mixer.  This 
lack  of  correlation  may  be  due  to  the  traverse  location  not 
being  located  at  the  point  of  maximum  turbulence  for  each 
configuration . 

Note  that  the  turbulence  values  at  location  C  are  less 
than  those  at  location  A  in  all  cases  except  Ur  =  0.3  for 
the  square  and  knife-edge  plates.  According  to  Alber  (Ref  2: 
276)  the  turbulence  intensity  will  decrease  in  a  wake  and  in¬ 
crease  in  a  jet  with  increasing  downstream  distance  ^  until 
^  =  30.  Schlichting  (Ref  9:  751)  shows  a  plot  of  a  two- 
dimensional  wall  jet  velocity  profile  which  becomes  similar 
at  a  downstream  distance  x/R  >_  20  where  R  is  the  width  of  the 
jet  in  the  y-direction.  Figure  33  is  a  plot  of  the  velocity 
profiles  of  the  square  and  knife-edge  plates  at  location  C 
and  the  curve  from  Schlichting.  Note  that  x/R  =  6.5  at 
location  C  so  that  similarity  is  not  entirely  obtained,  how¬ 
ever,  the  shape  of  the  curves  is  generally  the  same  as  that 
of  the  similarity  curve.  It  appears  that  the  wake  region 
behind  the  dividing  plate  of  parallel  flows  transitions  from 
a  wake  to  a  jet  boundary  at  low  velocity  ratios.  This  would 
explain  the  increasing  turbulence  parameters  at  the  low  veloc¬ 
ity  ratio.  Note  that  this  reversal  in  turbulence  level  did 
not  occur  for  the  plate  configurations  whose  shape  varied 
along  the  trailing  edge  as  discussed  in  section  II.  This 
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could  indicate  that  Ur  =  0.3  is  nearly  the  maximum  velocity 
ratio  at  which  this  transition  occurs.  Also  note  that  for 
Ur  =  0.3  the  turbulence  levels  at  location  A  for  the  square 
and  knife-edge  plates  are  lower  than  those  of  the  other  plate 
configurations.  The  higher  level  of  turbulence  in  the  near 
wake  region  for  the  other  plates  may  have  prevented  the 
transition.  As  stated  by  El-Assar  and  Page  (Ref  6:  1388) 
the  turbulence  intensity  distribution  in  the  transition  re¬ 
gion  plays  an  important  role  in  the  development  of  the  wake. 

Lateral  Traverse  Data;  Data  was  also  taken  parallel  to 
the  trailing  edge  of  the  plates  at  locations  A  and  B.  Data 
from  these  lateral  traverses.  Figures  34-45,  show  the  effects 
of  the  trailing  edge  modifications  upon  the  velocity  and 
turbulence  in  the  near  wake  region.  Lateral  traverse  data 
for  the  square  plate,  which  is  constant  along  the  trailing 
edge  since  the  trailing  edge  shape  is  constant,  were  omitted 
from  the  lateral  data  plots  for  clarity. 

A  trailing  edge  shape  parameter  W  was  defined  as  the 
distance  along  the  plate  trailing  edge  from  its  centerline 
divided  by  0.2  in,  the  width  of  a  tab.  In  terms  of  this 
shape  parameter  the  centerline  traverse  was  located  at  W  =  0 
and  the  slot  traverse  at  W  =  1.0.  The  half  values  of  the 
shape  parameter,  as  marked  on  the  vertical  axis  of  the 
figures,  are  the  location  of  the  edges  of  the  modifications, 
e.g.  the  edge  of  the  tabs.  Data  were  taken  at  0.1  in  incre¬ 
ments  so  that  the  flow  parameters  were  determined  on  the 


edges  and  centerline  of  each  modification. 

In  examining  data  from  the  lateral  traverses,  repeat¬ 
ability  was  generally  found.  In  other  words,  a  parameter 
measured  on  the  centerline  of  a  tab  had  nearly  the  same  value 
as  that  measured  on  a  similar  tab  centerline.  Exceptions  to 
this  generality  are  noted  and  could  be  due  to  several  factors. 
First,  the  flow  in  the  wake  at  location  A  is  very  turbulent. 
The  turbulence  resulted  in  fluctuations  in  the  DC  voltage  of 
the  anemometer.  When  this  occurred,  an  estimated  average  was 
taken  which  would  introduce  scatter  into  the  data.  Another 
source  could  be  slight  differences  in  the  size  or  shape  of 
the  modifications.  Also,  the  tabs  on  the  tab  plate  may  not 
have  all  been  bent  to  the  same  angle. 

The  mean  velocity  profiles  in  Figures  34-36  show  tab 
plate  mean  velocities  U/UMAXA  of  0.8  on  the  centerline  of 
the  tabs  which  deflect  upward  (toward  low  speed  flow) .  This 
value  is  nearly  constant  for  all  velocity  ratios.  The  mean 
velocities  on  the  centerline  of  the  tabs  which  deflect  down¬ 
ward  decrease  with  decreasing  velocity  ratio  as  do  the  veloc¬ 
ities  on  the  edges  of  the  tabs.  The  difference  in  mean 
velocities  between  the  upward  and  downward  bent  tabs  was 
about  40  percent  as  compared  to  20  percent  for  the  slotted 
plate  and  5  percent  for  the  Coanda  plate.  This  different 
increases  with  decreasing  velocity  ratio.  The  slotted  plate 
mean  velocity  behind  the  slots  is  higher  than  behind  the  tabs 
because  the  downstream  distance  where  t  is  the  plate 


thickness,  is  three  times  that  behind  the  tab.  The  greater 
distance  allows  more  time  for  momentum  transfer  to  accelerate 
the  flow  in  the  slot.  The  location  B  traverse  shows  the 
effects  of  the  modifications  are  carried  downstream  but  are 
much  smaller  than  at  A. 

The  y-velocity  data  in  Figures  37-39  show  the  same 
trends.  The  vertical  velocity  gradient  between  adjacent  tabs 
is  seen  to  be  about  35  percent  of  the  freestream  for  the  tab 
plate  and  about  8  percent  for  the  slotted  and  Coanda  plates 
and  decreases  with  decreasing  velocity  ratio.  As  mentioned 
earlier  this  velocity  gradient  results  in  shear  in  the  ver¬ 
tical  plane  between  each  pair  of  tabs.  This  shear  generates 
a  vortex  in  the  wake  behind  each  pair  of  tabs  as  shown  in 
Figure  46.  Note  that  counter  rotating  vortices  exist.  It 
is  expected  that  the  vortex  flow  system  illustrated  in 
Figure  46  would  exhibit  a  relatively  steady,  low  level  of  y- 
turbulence.  The  turbulence  measurements  shown  in  Figures 
43a  and  44a  are  consistent  with  this.  These  vortices  act  to 
entrain  the  freestream  fluid  and  enhance  mixing  as  is  evident 
in  the  higher  wake  growth  rates  for  the  tab  plate.  The 
Coanda  plate  exhibits  similar  rotation  but  to  a  smaller 
degree.  The  lower  effectiveness  of  the  Coanda  is  possibly 
due  to  the  thickness  of  the  divider  plate  boundary  layers. 

Error  Analysis 

Potential  sources  of  error  will  be  discussed  in  this 
section  as  well  as  their  effect  upon  the  data. 


Bradshaw  stated  that  temperature  variation  of  the  test 
fluid  can  result  in  significant  errors.  He  also  indicates 
that  these  effects  can  be  reduced  by  running  the  probe  ele¬ 
ment  at  a  high  temperature.  Overheat  ratios  of  1.5  were  used 
to  maintain  a  high  probe  temperature.  Test  fluid  temperatures 
ranged  from  23  to  31  C  over  the  entire  test  effort  with  most 
testing  accomplished  in  the  26  to  30  C  range  and  within  4 
degrees  of  the  calibration  temperatures.  Changes  in  the  am¬ 
bient  humidity  also  affect  the  data.  To  minimize  the  effects 
of  these  variables,  all  data  are  presented  in  normalized  form. 
Since  most  testing  was  over  a  small  range  of  temperature 
variation,  this  error  is  considered  to  be  small. 

Errors  can  also  result  from  contamination  of  the  probe 
elements  by  collection  of  dust.  To  minimize  these  effects 
one  probe  was  calibrated  three  times  and  the  other  twice. 

As  shown  in  Figure  4,  a  shift  in  the  calibration  curves 
occurred.  Note  that  the  curve  for  channel  1  shifted  more 
than  for  channel  2.  The  existence  of  this  shift  was  first 
noticed  when  the  y-velocity  zero  shift  occurred.  As  indicated 
by  the  calibration  curves  an  error  of  about  3  percent  could 
be  present  in  data  taken  just  prior  to  each  recalibration. 

This  shift  in  calibration  was  primarily  due  to  a  change  in 
resistance  of  the  probe  elements  with  use.  TSI  Inc.  is 
currently  investigating  the  cause  of  this  resistance  change. 
This  error  is  considered  to  be  the  primary  source  of  error 
in  this  research. 


28 


As  mentioned  in  the  lateral  traverse  discussion,  error 
occurs  in  high  turbulence  regions  due  to  the  DC  voltage 
fluctuations  which  result.  This  is  not  considered  to  be 
significant  since  fluctuations  did  not  occur  at  the  wake 
edge  which  was  used  in  determining  the  wake  width  and  wake 
growth  as  indicators  of  mixing.  Generally  the  fluctuations 
in  the  RMS  voltage  were  small  and  turbulence  data  is  there¬ 
fore  considered  to  be  accurate  throughout  the  flow.  Repeat¬ 
ability  of  the  data  was  verified  by  retest  of  selected  points 
throughout  the  flow  which  are  plotted  with  "blacked  in" 
symbols.  As  shown,  the  data  is  repeatable. 

A  final  source  of  error  is  the  relative  angle  of  the 
probe  sensors  to  each  other  and  the  flow.  The  sensors  should 
be  perpendicular  to  each  other  and  at  45  degrees  to  the  flow 
direction.  These  assumptions  were  made  in  the  derivation 
discussed  in  Appendix  C.  Both  of  the  probes  used  were  checked 
and  found  to  be  within  1  to  2  degrees  of  being  perpendicular. 
Alignment  of  the  probe  with  the  stream  was  checked  and  cor¬ 
rected  when  necessary.  Error  due  to  sensor  angles  arid  mis¬ 
alignment  are  considered  to  be  negligible. 


29 


V.  Conclusions  and  Recommendations 


The  following  conclusions  are  made  with  regard  to  the 
effect  of  divider  plate  trailing  edge  shape  upon  the  mixing 
of  parallel  flows.  Incompressible  flow  data  for  velocity 
ratios  from  0.3  to  1.0  were  evaluated. 

1.  Trailing  edge  modifications  which  do  not  extend 
beyond  the  plate  thickness  produce  no  significant 
improvement  in  the  mixing.  The  plate  with  tabs 
which  are  bent  to  extend  beyond  the  plate  thick¬ 
ness  into  the  boundary  layer  is  the  best  mixer  of 
the  five  configurations  tested. 

2.  The  wake  growth  rate  parameter  was  a  more  reliable 
indicator  of  the  mixing  generated  by  a  divider 
plate  than  the  wake  width  or  the  maximum  turbulence. 
The  growth  rate  was  determined  from  normalized 
velocity  and  turbulence  profiles. 

3.  The  normalized  mean  velocity  profiles  are  more 
suitable  for  wake  growth  rate  determination  than 
the  turbulence  profiles.  Both  velocity  and  turbu¬ 
lence  profiles  show  a  progressive  increase  in  wake 
growth  rate  with  decreasing  velocity  ratio. 

4.  No  correlation  could  be  determined  between  mixing 
and  the  maximum  turbulence  in  the  wake. 


5.  The  wake  which  forms  between  parallel,  co-flowing 
streams  behind  a  divider  plate  exhibits  the  char¬ 
acteristics  of  a  jet  boundary  at  low  velocity 
ratios. 

Recommendations 

To  increase  the  level  of  understanding  of  the  effects 
of  these  and  similar  trailing  edge  modifications  the  following 
research  could  be  accomplished. 

1.  Other  trailing  edge  modifications  could  be  made  such 
as  the  use  of  vortex  generators.  The  losses  due  to 
the  protrusion  of  the  bent  tabs  or  vortex  generators 
into  the  flow  could  be  studied  with  the  aid  of  a 
computerized  data  system  to  allow  determination  of 
momentum  deficit.  Investigation  of  vortex  shedding 
from  the  various  configurations  and  the  effect  of 
the  vortices  upon  mixing  could  also  be  studied  by 
taking  data  at  smaller  traverse  increments. 

2.  The  effect  of  plate  thickness  could  also  be  in¬ 
vestigated.  In  other  words,  the  increased  mixing 
may  have  been  due  to  an  effective  increase  in  plate 
thickness  for  the  tab  plate. 

3.  Optical  methods  could  be  attempted  with  the  use  of 
seeding  with  a  low  molecular  weight  gas  to  increase 
the  density  gradient.  The  separate  stilling  cham¬ 
bers  of  the  apparatus  would  be  well  suited  to  the 
seeding  of  one  of  the  streams. 
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APPENDIX  A 
Figures 
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Figure  1  (cont) 


Figure  2.  Test  Apparatus 
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c.  Traverse  Locations 


Figure  3.  Velocity  Profiles  of  Apparatus,  Location  A 
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Figure  5.  Traverse  Locations 
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Distance  from  Wake  Centerline/Wake  Width 
Figure  7.  Similarity  Plot,  Ur  =  0.6 


Distance  from  Wake  Center line /Wake  Width 
Figure  8.  Similarity  Plot,  Ur  =  0.3 
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c.  Location  C 

Figure  9.  Centerline  Mean  Velocity  Profile,  Ur=1.0 
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c.  Location  C 

Figure  11.  Centerline  Mean  Velocity  Profile,  Ur=0.3 
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b.  Location  B 

Figure  12.  Slot  Mean  Velocity  Profile,  Ur=1.0 
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b.  Location  B 

Figure  13.  Slot  Mean  Velocity  Profile,  Ur=0.6 
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Figure  21.  Centerline  Turbulence  Parameter  Profile, 

X-Component,  Ur=1.0 
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Centerline  Turbulence  Parameter  Profile, 
Y-Component ,  Ur=l . 0 
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Centerline  Turbulence  Parameter  Profile 
Y-Component ,  Ur=0 . 3 
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b.  Location  B 

Figure  32.  Slot  Turbulence  Parameter  Profile, 
Y-Component,  Ur=0.3 
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b.  Location  B 


Figure  34.  Lateral  Mean  Velocity  Profile,  Ur=1.0 
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Figure  35.  Lateral  Mean  Velocity  Profile,  Ur=0.6 
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b.  Location  B 

Figure  36.  Lateral  Mean  Velocity  Profile,  Ur=0.3 
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a.  Location  A 
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b.  Location  B 

Figure  40.  Lateral  Turbulence  Parameter  Profile, 

X-Component,  Ur=1.0 
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b.  Location  B 

Lateral  Turbulence  Parameter  Profile 
Y-Component ,  Ur=0.6 
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Figure  46.  Tab  Plate  Trailing  Edge  Flow  Pattern 
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APPENDIX  B 

Anemometer  Calibration  Procedure 
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Anemometer  Calibration  Procedure 


The  hot  film  probe  was  calibrated  by  exposing  the 
probe  to  flow  of  known  velocities  and  recording  the  voltage 
across  each  of  the  two  sensor  elements  at  each  flow  veloc¬ 
ity. 


The  procedure  required  to  prepare  the  anemometer  for 
calibration  is  given  in  the  TSI  Incorporated  operators' 
manual  (Ref  7:2-3+).  Probe  resistance  was  nulled  with  the 
ZERO  OHMS  and  an  overheat  of  1.5  was  used.  The  STABILITY 
and  TRIM  were  adjusted  for  optimum  frequency  response. 

The  known  flow  velocities  were  provided  by  flowing  air 
from  a  stilling  chamber  through  an  orifice.  A  manometer 
was  used  to  indicate  stilling  chamber  pressure  and  calibra¬ 
tion  points  were  at  increments  of  2  inches  of  water  from 
0  to  22  in.  The  following  equation,  derived  from  the  in¬ 
compressible  Bernoulli's  equation,  was  used  to  determine 
the  flow  velocity: 


where: 


U 

P1 

pa 

T1 


124  rri  " 
u  =  pa  P1 

2.036  +  27.681 

Velocity,  ft/sec 
Chamber  pressure,  in  H2O 
Ambient  pressure,  in  Hg 
Chamber  temperature,  deg  R 


A  calibration  curve  was  created  for  each  element  of  the 
probe  by  plotting  0.707  U  vs  DC  voltage  V  where  0.707  U  is 
the  velocity  component  which  is  normal  to  the  sensor  ele¬ 
ment.  The  calibration  curves  are  shown  in  Fig.  4.  A  Least 
Squares  curve  fit  of  these  data  for  each  sensor  resulted  in 
the  following  fourth  order  equations  for  the  calibration 
curves  with  less  than  0.5  percent  error  at  each  calibration 
point. 

Probe  Calibration  Sensor  Curve 

K705  30  Jun  1  u,=636. 065-395. OOTV+Se.llSV^S.lOev^. 323V4 

2  ^=1371.922+914 . 209V-220 . 415^+22 . 797V3- .  816V4 

K705  20  Jul  1  Uj=1037. 407-704. 598V+168. 047V2 -17.239V3 +.692V4 

2  112=1038 . 887-701 . 21V+165 .913^-16 . 875V3+.  673V4 

K705  25  Aug  1  1^=3411. 087-1955. 49V+414. 065^-38. 631^+1. 388V1 

2  11^1224 .093-722. 046V+154 . 9  36^-14 . 59  3^+ .  555V4 

K691  28  Sept  1  1^=3342. 208-1997. 467V+441. 434^-42. 997^+1. 611V4 

2  U2=1698 . 468-1029 . 075V+228 . 306X^-22 . 22V3t . 859V4 

The  velocity  components  u^  and  ^  are  the  velocity  normal  to 
sensors  1  ard  2  respectively. 
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Appendix  C 


Equations  for  Data  Reduction 

The  probe  sensor  element  voltage  is  a  function  of  the 
component  of  velocity  which  is  perpendicular  to  the  sensor. 
With  an  x-wire  probe,  two  components  of  the  velocity  are 
obtained  and  the  magnitude  and  direction  of  the  velocity  in 
the  plane  of  the  wires  can  be  determined. 


Figure  47.  X-Probe  Orientation 

Figure  47  shows  the  orientation  of  an  x-wire  probe  in 
relation  to  the  divider  plate  trailing  edge  and  the  nomen¬ 
clature  for  the  following  derivation.  This  orientation 
allowed  calculation  of  x-  and  y-velocity  components  from 
equations  derived  by  the  following  method: 

Assume:  u^  is  velocity  perpendicular  to  sensor  1 
U2  is  velocity  perpendicular  to  sensor  2 
Sensor  1  is  perpendicular  to  sensor  2 


u  =  U  cos  (a-B)  =  U  (cosa  cosB  +  sina  sing  ) 

v  *  U  sin  (a-B)  =  U  (sina  cosB  -  cosa  sinB  ) 

but:  a  5  45°  -+■  cosa  =  sina  =  0.707 
u  =  (0.707)  (U  cosB  +  U  sinB  ) 

v  =  (0.707)  (U  cosB  -  U  sinB  ) 

but:  u^  =  U  cosB 
u2  =  U  sinB 
finally: 

u  =  0.707  (^  +  u2) 
v  =0.707  (u1~u2) 

These  equations  were  used  in  determining  x  and  y  components 
of  the  mean  velocity  as  well  as  the  fluctuating  velocity. 
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